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Abstract 
In typical hole-doped high-Tc cuprates, the optimum doping is achieved at the doping level p ~ 0.16 ( = popt). However impurity 
dopings sometimes alters popt value. In this sense, popt ~ 0.16 is thought not to be universal. Here, we studied the doping 
dependence of Tc and some transport characteristics for several Ni impurity doped Bi2Sr2CaCu2O8+δ single crystals. Doping 
levels were precisely determined by thermoelectric measurements and oxygen contents δ. We found that 1. Ni valence is almost 
same as Cu, 2. popt shifts toward higher doping, 3. pseudogap opening temperature T* is not affected by Ni impurity. The results 
are consistent with the model that the shift in popt is due to the doping dependent pair breaking effect. This means that the shift is 
superficial and the essential universality popt ~ 0.16 is impurity doped regime. 
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1. Introduction 
It is well known that the cuprate superconductivity arises when electrons or holes are doped into the anti-
ferromagnetic Mott insulating mother materials. For most hole-doped cuprate superconductors such as Bi-type, Tl-
type, Y-type and La-type, increasing the doping level p, the superconducting transition temperature Tc rises up to the 
maximum value Tc,max at the optimum doping popt, in turn falls to zero. Suppose that p means the holes per Cu atom, 
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the p dependence of Tc is generally expressed as a following function of a convex parabolic curve; Tc / Tc,max = 1 – 
82.6 (p – 0.16)2 [1], irrespective to the type or Tc of materials as long as they are clean. 
Many studies on the impurity effect for the cuprate superconductor have been performed with several kinds of 
measurement technics. In general, Impurities such as Co, Ni, Fe, Zn… break superconducting pairs and decrease Tc, 
A convex parabolic curve Tc(p) may be shifted and deformed due to i. the difference in a valence of the impurity ion, 
ii. the doping level dependence of the pair breaking effect. Latter effect may be related to the formation of the 
pseudogap state in the underdoped side [2]. This generally derives popt to be impurity concentration dependent [3]. In 
our previous study for the Co-substituted Bi2212 [4], whose carrier concentration can be controlled by adjusting its 
excess oxygen contents δ, it was found that the parabolic curve Tc(δ) was shifted downward as well as to the higher δ 
side, rather parallel way (see ref. 4 or Fig. 2(c)). We attributed a main reason for this shift was due to the difference 
in the valence of Co ion from that of Cu ion, since Co ions are thought to be trivalent (and actually change the 
doping level in the CuO2 plane [5]). If this valence change is accounted, the Co substitution effect is consistent with 
a universal relation popt ~ 0.16. On the other hand, in the case of Ni, whose valence is expected to be +2, we are 
interested in whether popt~0.16 is maintained or not. Additionally, this may reveal the intrinsic difference in the 
impurity effect between Co and Ni ions. 
Impurity effect on the pseudogap can be also the interesting issue from a point of view of a Tc(p) curve, because 
the formation of the pseudogap may alter the impurity effect. However, few studies have been performed [6] and 
advanced discussions haven’t been done yet. In our previous STM/STS measurements [4], we found the 
superconducting gap-like feature was gradually destroyed, while the pseudogap-like feature was enhanced with 
increasing the Co impurity concentration. It is expected that Ni impurities also destroy the superconducting gap-like 
feature as well as Co, but how Ni impurities affect the pseudogap-like feature is unknown.  
To study the Ni substitution effect in detail, we measured thermoelectric power (S), in-plane (ρab) and out-of-
plane (ρc) resistivity, for the several Ni-substituted Bi2212 single crystals. Oxygen contents of the samples were 
precisely controlled by annealing in atmosphere of Ar-O gas mixture.   
 
2. Experiments 
Ni-substituted Bi2212 (Bi2.1Sr1.9Ca(Cu1-xNix)2O8+δ ; x = 0, 0.01, 0.03) single crystals were grown with the 
traveling solvent floating zone method and subsequently annealed under the proper oxygen partial pressure 
atmosphere and annealing temperature precisely controlled at the equilibrium condition  to obtain the aiming δ (δ = 
0.24, 0.25, …, 0.28). The superconducting transition temperature Tc of each sample was determined with DC 
magnetic susceptibility measurements. Maximum Tcs (Tc,max) of each sample were 90K, 85K and 72K for x = 0, 0.01, 
0.03, respectively. Thermoelectric power was measured by a conventional differential method. 
 
 
Fig. 1. Thermoelectric powers of the Ni-substituted Bi2212 single crystals versus temperature for various oxygen contents δ. (a) pure, (b) Ni1%, 
(c) Ni3%.  
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Fig. 2. (a), (b) : Tc plotted as a function of (a) the excess oxygen content δ and (b) the carrier concentration pTP estimated from the empirical 
relation between the room-temperature thermoelectric power S290 and p for the Ni-substituted Bi2212. The dashed lines in (b) denote the relation 
Tc and p estimated from Tc/Tc,max = 1 – 82.6 (p- 0.16)2.  (c) : Tc plotted as a function of δ for the Co-Bi2212. 
 
3. Results and Discussions 
Figure 1(a), (b) and (c) show the results of thermoelectric power measurements of the samples with three Ni 
contents x and various oxygen contents δ. Each δ value is estimated from an equilibrium phase diagram in ref.7 
under the assumption that equilibrium lines are not changed by impurity doping. In this paper, we presumed that the 
known empirical relation between room-temperature thermoelectric power S290 and the p of cuprate 
superconductors; S290[μV] = 992exp(-38.1p) for 0.05 < p < 0.155, = -139p + 24.2 for p > 0.155 [8] was also valid 
with impurity-substituted systems and we applied this relation to our data  to estimate p of each sample. The δ and p 
dependence of the superconducting transition temperature Tc for samples with each x is shown in Fig. 2(a) and (b), 
respectively. The Tc(p) curve is very similar or almost coincide to the Tc(δ) curve in two respects; (1) both curves are 
shifted to the overdoped side and, (2) more strongly suppressed in the underdoped side than the overdoped side with 
increasing x. As previously stated, the former feature is also observed in the Tc(δ) curve of Co-substituted Bi2212 as 
shown in Fig. 2(c). It is probably caused by adding extra electrons and decreasing p in the CuO2 plane, which comes 
from substituting the trivalent Co for the divalent Cu. However for the case of the Ni substitution, the feature was 
also seen in Tc(p) curve. So we can’t apply the same idea to understand this behavior. Instead, the similarity in Tc(p) 
and Tc(δ) simply indicates all carriers supplied by excess oxygen contribute to the transport. This means the valence 
of Ni is basically same as that of Cu. Then, do Fig. 2(a) and (b) indicate the violation of the popt ~ 0.16 relation?  
As pointed by the previous report [9], the rate of Tc depression with impurity content x, |dTc / dx| is known to be 
doping dependent and is enhanced in the underdoped side. In Fig. 3, we plot the δ dependence of the in-plane 
resistivity (ρab) for x = 0.03. The decrease in δ causes the rapid increase in the residual resistivity. If the slope of the 
ρab(T) is a representative of p, the change in p of the plotted sample is small. Yet the increase in residual resistivity 
or the impurity scattering rate is quite large, which is unexpected in the conventional scattering theory. Adopting the 
conventional pair breaking theory, the enhancement in the scattering rate gives larger reduction in Tc. 
In Fig. 2(b), the dashed lines indicate the Tc expected by the empirical Tc(p) relation and constant Tc reduction 
due to impurity, assuming popt ~ 0.16 is retained. The deviation of experimental data can be accounted by 
enhancement of the impurity scattering rate in the underdoped side as mentioned above. This p dependent scattering 
rate may explain the increase of popt with Ni substitution, without changing of the popt ~ 0.16 relation. In addition, it 
is interesting to point out that the pair breaking effect of impurity is considerably different between Ni and Co, 
where the former has very strong p dependence, while the latter may not have. 
To identify the effect of impurity for the pseudogap formation, Fig.4 (a), (b) show the temperature dependence of 
the out-of-plane resistivity (ρc) of each sample with various x and δ. Upturn feature appeared from the characteristic 
temperature T* (indicated by down arrows) and are identified to pseudogap opening temperatures. They’re estimated 
55
60
65
70
75
80
85
90
0.22 0.24 0.26 0.28 0.3 0.32
Tc
(K
)
Oxygen Content G
Ni0%
Ni1%
Ni3%
Ni-Bi2212
(a)
55
60
65
70
75
80
85
90
0.1 0.12 0.14 0.16 0.18 0.2
Tc
(K
)
p TP(/Cu atom)
Ni0%
Ni1%
Ni3%
empirical 
curve
Ni-Bi2212
(b)
10
20
30
40
50
60
70
80
90
0.22 0.24 0.26 0.28 0.3 0.32
Tc
(K
)
Oxygen Content G
Co-Bi2212
Co0%
Co2%
Co1%
Co4%
Co6%
(c)
 Yuta Kiguchi et al. /  Physics Procedia  58 ( 2014 )  54 – 57 57
 
Fig. 4. The T dependence of out-of-plane resistivities ρc of Ni-substituted Bi2212 single 
crystals with various oxygen contents δ. (a) Ni1%, (b) Ni3%. Solid straight lines indicate 
linear extrapolations of the high T behavior of ρc. Down arrows show characteristic 
temperature T*s, at which ρc deviated from the linear behavior at higher temperatures. 
as T* ~ 190, 160, 130K (δ = 0.26, 0.27, 0.28) for the sample with x = 0.01 and 180, 150, 120K (δ = 0.26, 0.27, 0.28) 
for x = 0.03 (It’s also estimated as 185, 165, 130K (δ = 0.26, 0.27, 0.28) for x = 0 in ref. 10.). For optimum and 
underdoping (δ = 0.24, 0.25), we couldn’t define T* because they were semiconducting in the measured T range. 
With increasing x, the room-temperature resistivity ρc(290) slightly increased. On the other hand, T* and the 
strength of the upturn feature didn’t change or slightly decreases. This indicates that Ni impurities don’t affect or 
rather suppress the pseudogap unlike Co impurities. According to this result, the stronger impurity effect on Tc in the 
underdoped side than in the overdoped side is nothing to do with the existence of the pseudogap phase, since the 
degree of the asymmetry in Tc reduction is enhanced with decreasing p.  
 
4. Summary 
We have studied the Ni impurity effect on the convex parabolic curve of the superconducting transition 
temperature Tc(δ) or Tc(p) and the pseudogap for Bi2212 single crystals by thermoelectric power measurements and 
the in- / out-of- plane resistivity measurements. We found the Tc(δ) curve and Tc(p) curve changed in the same way 
with increasing impurity concentration. Both of them are (a) shifted to the overdoped side and (b) more strongly 
depressed in the underdoped side than in the overdoped side. This means Ni impurities in Bi2212 don’t affect p. 
Results of in-plane resistivity revealed that impurity scattering rate is highly doping level dependent and gives 
explanation of the shift in the Tc dome. By accounting this doping dependence of the scattering rate, we could show 
that popt ~ 0.16 relation is holed for impurity doped high-Tc systems. We also found Ni impurities didn’t drastically 
change the pseudogap opening temperature T* from the out-of-plane resistivity measurements. This result indicates 
Ni impurities don’t enhance the pseudogap-like feature unlike Co. 
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Fig. 3. The T dependence of the in-plane 
resistivity ρab of the Ni3% Bi2212 single 
crystal with various oxygen contents δ. 
